We describe a first-and-second-diffractive-order intraocular lens ((1 st ,2 nd )DIOL) within the class of hybrid refractive-diffractive designs for intraocular lenses (IOLs) and analyse its properties of focus extension and compensation of longitudinal chromatic aberration (LCA), particularly for lenses with low addition. Power, energy efficiency and their wavelength dependence are extended from monofocal IOL and conventional bifocal zeroth-and-first-diffractive-order IOL ( 
Introduction
In cataract surgery, an intraocular lens (IOL) replaces the natural crystalline lens. IOL power calculations of monofocal implants commonly target distinct distance vision. However, visual requirements at closer distances cannot be satisfied by monofocals and, similarly to the case of presbyopia, patients become spectacle dependent to perform their ordinary activity. Multifocal IOLs offer one (bifocals) or two (trifocals) additional focusing distances for near and intermediate vision. Diffractive multifocal IOLs (more precisely, refractive-diffractive multifocal IOLs) are based on the simultaneous image forming principle for which an infocus image formed by one focus is overlaid by one or more secondary out-of-focus images formed by the other foci. This effect has an impact on the image contrast and is among the causes of dysphotopsia (such as halo and glare) reported by implanted patients. Recently, IOL designs based on extending the range of focus have been proposed to address the issue. Ideally, an extended-depth-of-focus (EDOF) lens produces a long and narrow focal segment in the image domain. An IOL of such a design would allow imaging in a continuous range of vision. The assessment of the IOL optical quality is conducted using optical and clinical methods. Optical bench testing of IOLs is objective, patient independent, and complementary to clinical assessment. The study and interpretation of both sorts of outcomes lead to clarify the characteristics of IOL designs with higher impact on vision and, hence, offer useful information to surgeons for implant selection and to designers for IOL optimization.
Diffractive bifocal intraocular lenses have a hybrid diffractive-refractive design that consists of a high-power refractive lens (carrier or base lens) and an additional (add) lowpower diffractive profile engraved on either the front or the back surface of the IOL following a sawtooth pattern of echelettes. The optical path difference (OPD) for rays travelling through each zone, between the inner and outer step edges, is commonly expressed in terms of the design wavelength (λ 0 ) or, equivalently, of the phase shift ( 0 φ ) introduced in a light wavefront. So far, most of the diffractive profiles mainly utilize the zeroth and first diffraction orders to make the intraocular lens ((0 th ,1 st )DIOL) form two images: distance and near images, respectively [1, 2] . For the distance image, the 0 th order energy goes to the image formed by the high-power refractive carrier lens, whereas the 1 st order energy goes to the near image formed by the combined carrier plus add powers. The distribution of the energy between these diffraction orders -and hence, between the distance and near images-can be Moreover, apodized IOLs use gradual reduction of the step height to continuously modulate the phase shift from center to periphery. As a result, the energy distribution between the 0 th and 1 st order foci becomes pupil dependent [3] . These properties have been exploited in a variety of bifocal diffractive IOL designs studied elsewhere (see, for instance, studies using computational and/or on optical bench techniques [2, 4, 5] , clinical studies assessing the impact on visual function [6] or both [7, 8] ).
Recently, chromatic aberration has drawn increasing attention in IOL design and visual optics research (see, for instance, Refs. [9] [10] [11] [12] . A diffractive profile with m π 2 maximum phase modulation -m being an integer number-operates at higher harmonic orders [13] [14] [15] and has proved to show interesting properties for achieving an effective reduction of the chromatic aberration that would otherwise affect severely common 1 st -diffractive order lenses. Harmonic diffractive lenses with phase shift being an odd multiple of π (or, equivalently, OPD being an odd multiple of 0 / 2 λ ) also direct light between two neighbor diffraction order images (with 40.5% energy efficiency each). Thus, for instance, a 3π-phaseshift ( 0 OPD = 1.5λ ) diffractive lens distributes light between the 1 st and 2 nd diffraction orders with balanced energy [16] . If such a diffractive pattern is cut onto the base curve of a refractive carrier lens, the combined optical element will become a bifocal lens. If this combined element is meant to be an IOL, the carrier refractive and the diffractive powers must be carefully calculated to provide a range for distinct vision. A low addition diffractive bifocal IOL -typically with diffractive add power < 2 D-would provide distinct vision at far and intermediate distances. )DIOL model are used to explain mathematically the chromatic performance of the Symfony lens. The verification of this hypothesis, both analytical and experimentally, constitutes an important objective of this work. The explanation is fully supported by the results of the experiment conducted to measure the red (R), green (G) and blue (B) throughfocus energy efficiency (TF-EE) and the longitudinal chromatic aberration (LCA) of the foci.
For the sake of comparison, the experimental results obtained with a Symfony IOL are shown along with others corresponding to a monofocal (Tecnis ZA9003) 
Materials and methods

Optical power and energy efficiency of a hybrid refractive-diffractive IOL
We assume a model for a hybrid refractive-diffractive IOL, according to which a thin carrier lens of refractive index ( ) L n λ with a diffractive lens profile cut on one side [2] is immersed 
We assume in Eq. (1) that the lens thickness is negligible in comparison with the focal lengths involved. The power of the base refractive lens, with front 1 R and back 2 R radii, is
The diffractive profile, designed at wavelength 0 λ , induces a phase shift ( 0 φ ) at every step edge that is proportional to its height (h), according to the expression
.
The diffractive lens contributes with some of its m diffracted order powers 
In Eq. (6), the factor in brackets accounts for the little influence of material dispersion and hence, Eq. (6) , which come to a common focus with the design wavelength and with same high efficiency [13, 14] [2, 14, 16] . At any focus of a hybrid refractive-diffractive IOL, the optical power variation with illuminating wavelength λ -and hence, LCA-results from the addition of two terms that account for: one, the dispersive nature of the optical materials through their refractive indexes ( ) n λ and two, the inherent spectral properties of the diffraction orders involved. Typically, LCA measures optical power variation
along the optical axis in the image space (although it can be equivalently translated to the object space). Thus, each focus of a hybrid refractive-diffractive IOL, which is formed by the joint contribution of the base refractive lens power and a specific m-diffraction order, shows a LCA that can be written as
where subindexes r, d stand for refractive and diffractive contributions, respectively. The refractive power variation of the carrier lens r P Δ is usually referred to {FdC} set of wavelengths, with F 486nm
, and C 656nm ,
for which the coefficient of refractive dispersion named Abbe number is defined as
The refractive power variation r P Δ can be calculated using the mathematical expression [12] 
where the refractive power of the lens for wavelength λ is given by Eq. (2). The diffractive lens power change with wavelength can be obtained from Eq. (7), so that
with Δλ commonly limited to the visible spectral range. The negative sign in Eq. (10) accounts for a power variation in the opposite direction to that produced by the refractive lens (Eq. (9)). The step height of the profile plays an essential role in the contribution of the diffractive lens to the LCA of the IOL. To illustrate this effect with an example, let us consider a (0 th ,1 st )DIOL, that is, a hybrid refractive-diffractive IOL with step height producing a π-phase shift in the design wavelength 0 λ . As mentioned, this lens performs bifocally with balanced efficiency at that wavelength between the 0 th and 1 st diffraction orders, which are associated to the distance and near IOL powers, respectively. Since the 0 th order has null power (Eq. (4)), the LCA at the distance focus is computed using Eq. (8) with m = 0,
which means that the chromatic aberration in the distance focus depends entirely on the refractive base lens. To obtain LCA in the near focus, we take Eq. (8) We will show that this design leads to significant differences regarding power and spectral performance. For the sake of simplicity, we keep the term "near" along the explanation, but it could be replaced by "intermediate" depending on the value of the diffractive power. According to Eqs. (1), (2) and Eqs. (4), (5) 
and both have balanced efficiency of 40.5% at 0
λ . According to Eqs. (8), (10), their LCAs
which means that the distance and the near powers, as well as the LCAs in both foci, depend on both the carrier refractive lens and the diffractive lens characteristics. Since the LCAs of the refractive and diffractive contributions have opposite sign, it implies that some compensation of the chromatic aberration can be expected for both the distance and the near foci. This fact clearly differs from the (0 th ,1 st )DIOL design (see Eqs. (11), (12)), for which, such compensation is only possible in the near focus but not in the distance focus [12] . We recall that Eqs. (11), (12) , (15) , (16) refer, exclusively, to the LCA introduced by the IOL and do not take into account the contributions of the cornea and other ocular media to the LCA of the eye.
Since the LCA produced by diffractive components depends linearly on the wavelength difference and the diffractive order (Eq. (10)), some care must be taken regarding the near focus in a (1 st ,2 nd )DIOL. As Eqs. (15), (16) reveal, the compensation of chromatic aberration in the near focus doubles the compensation in the distance focus. For example, if the refractive power variation were fully compensated in the distance focus, it would be overcompensated in the near focus, thus producing an undesired chromatic aberration in it. Fortunately, this effect can be mitigated by three factors. First, the diffraction efficiency, governed by Eq. (5); second, the add power of the diffractive lens,
, which is generally much lower than the power of the base refractive lens (about 10% in diopters), and third, the possibility of apodization.
Step height reduction from center to periphery, benefits 1 st order efficiency, as pupil size increases, at expenses of the 2 nd . A good design must reach a trade-off with all these factors.
Intraocular lenses
Three Tecnis (Abbott Medical Optics, Abbott Park, IL) IOLs were used in the experiment: a Symfony ZXR00 (Fig. 1) , a bifocal ZKB00, and a monofocal ZA9003. All three IOLs shared the same material and had the same aspheric design of the refractive base lens. They had similar power for distance vision (30D). The first two were hybrid refractive-diffractive designs. The monofocal IOL, with purely refractive design, was included as a reference in the study. Further IOL specifications and features are listed in Table 1 . The diffractive design of Tecnis ZKB00, with + 2.75 D add power, is intended to produce a balanced distribution of energy between the distance and the near foci independently of the pupil diameter. Table 2 . The Symfony ZXR00 IOL is claimed to be designed with a proprietary method based on a combination of refractive and diffractive technologies for providing EDOF and, therefore, extended range of vision with combined correction of spherical and chromatic aberration [21] for contrast sensitivity enhancement [10] . Valuable information is provided in Ref. 21 concerning the principles used in design of the IOL diffractive profile: embedded echelettes for offset phase correction with respect to the baseline of the refractive lens [2] and multiple echelettes for EDOF with chromatic correction, but the authors do not mention the specific diffractive orders used for the lens design. Although further details describing the patented technology can be found out in Ref. 17 , it is not straightforward from this information to assign a specific diffractive design to the Symfony lens and hence, to fully understand the physical mechanisms of its performance.
We have measured ring diameter and step height of the central zones of the diffractive profile of the Symfony lens used in our study ( Fig. 1) with confocal microscopy. For the sake of comparison, Table 2 contains these measurements along with the values corresponding to an exemplary diffractive profile, according to an embodiment of the invention described in Ref. 17 . Let us remark the good agreement between the design and measured values. The exemplary profile includes OPD in terms of the design wavelength λ 0 and the intended light distribution between the 1 st and 2 nd diffraction orders. Some parameters considered in the exemplary profile calculation were the refractive index of the aqueous of the eye (1.336), the refractive index (1.47) of the ophthalmic lens material and the design wavelength (550 nm approximately) which is within the range 546 ± 10nm recommended by ISO 11979-2:2014 [23] . According to the description, the diffractive profile consists of two main regions: central and peripheral. The central zone includes echelettes of 3π-phase shift steps (OPD = 1.5λ 0 ) that ideally deviate similar amount of energy (40.5%) to the 1 st and 2 nd diffraction orders for balanced 50:50 energy distribution. The peripheral zone includes echelettes of 2.732π-phase shift steps (OPD = 1.366λ 0 ) that ideally deviate 63% of energy to the 1 st diffraction order and 21% to the 2 nd one for 75:25 energy distribution. The base refractive power plus the 1 st diffraction order direct a fraction of the incoming light to the distance focus while another fraction is directed to another focus, to which the base refractive power and the 2 nd diffractive order contribute. The latter is called intermediate focus because of its low addition ( + 1.75 D) [17] .
The 0 th order would not be used for imaging purposes and about 16% to 18% of the incoming light would be diverted to spurious diffractive orders [17] . The OPD increase introduced by central echelettes -from 0.5λ 0 in many conventional bifocals to the current 1.5λ 0 in the Symfony lens-would be specifically intended to compensate for chromatic aberration. For pupils within the central region, EDOF effect would be produced by central echelettes with balanced light distribution between the distance and intermediate foci; for larger pupils covering the central and part of the peripheral regions, peripheral echelettes would benefit the distance focus.
Taking into account the diameter and step height measurements as well as other parameters of the Symfony lens contained in Tables 1 and 2 , we reasonably postulate that Symfony IOL may represent an example of (1 st ,2 nd )DIOL. The verification of this hypothesis, both analytical and experimentally, constitutes an important objective of this work.
Experimental setup and metrics
The experimental setup was arranged on optical bench. Three LEDs with emission in the blue (B), green (G) and red (R) spectral bands (Table 3 ) illuminated the setup sequentially. We measured the R, G, B through-focus energy efficiency (TF-EE) of each IOL. The focus powers and their corresponding LCA were experimentally obtained in all lenses from the R, G, B TF-EE curves. For comparison, mathematical estimations of these magnitudes have been calculated using Eq. (5) and Eqs. (11) to (16) . Each IOL was introduced in a wet cell with parallel windows. The optical setup was similar to that used by the authors in related works and described in detail elsewhere (Ref. 12 and, except for the artificial cornea, Ref. 4).
The TF-EE is the quality metrics we have used in this work to test the IOLs under R, G, B illumination. It is worth remarking that the energy efficiency (EE) values of the distance and near foci were straightforwardly obtained from dense sampling the through-focus scan, particularly in the axial neighborhood of focal planes. The same test was repeated for the reference monofocal IOL, but referred to its single (distance) focus.
The method used to measure the EE in the image space has been reported in detail in former works for one [4] or more wavelengths [12] . It includes a pinhole object at infinity and a microscope plus a camera for digital image acquisition. The method firstly applies an edge detection algorithm to segment the central core of the pinhole image at the focus plane of the lens. It secondly quantifies the amount of light intensity in the core (I core ) relative to the intensity in the full image that comprises the core and the background (I total = I core + I background ). The EE is given by the ratio I core /I total , which is easy to compute in the experimental practice and approaches the so-called light-in-the-bucket metric [25] . From definition, the light-in-the bucket metric captures the diffraction energy efficiency of IOL as well as image blur caused by aberrations and scattering. It quantifies the amount of light in the central core of the point spread function (PSF) relative to that in a monofocal diffractionlimited PSF for the same wavelength and pupil size [5] . The implementation of this metric in the experimental practice, for which the ideal point source is replaced by a pinhole of certain size, has been described and justified in a former work [12] . During the through-focus test, the core contour determined in the best focus plane was applied with no change to the defocus images obtained by scanning neighbor planes. Axial scanning was stretched to cover the segment of interest in case of multifocal or EDOF IOLs, including the distance and near (intermediate) foci.
A TF-EE curve was experimentally obtained for each IOL under study and every R, G, and B light. Through-focus measurements were taken in the IOL image space and covered about 7 D in 0.2 D steps. For more precision, double density sampling was used when testing the Symfony lens with 2.2mm pupil. LCA experimental values were obtained from the power difference between the furthest EE peaks (corresponding to R and B) at each focus plane.
The experimental work of this study has been done using the setup described elsewhere [12] and summarized here for the sake of conciseness. A 200-micron pinhole test object was placed at the front focal plane of a collimating lens of 200-mm focal length. The collimated beam illuminated the wet cell where the IOL was inserted and thus, one or two aerial images of the pinhole object, or a focal segment, were formed behind the wet cell depending on the lens design. A diaphragm, placed in front of the wet cell and used as entrance pupil, limited the IOL aperture to 3.5 mm diameter during most part of the experiment. With this pupil the impact of the negative spherical aberration of all tested IOLs on their images was still relatively low, which helped us to compute the light-in-the bucket metric. The Symfony IOL was additionally tested with an entrance pupil of 2.2mm that limited its aperture to two central echelettes (Table 2) . Behind the wet cell an infinite corrected microscope focused the aerial image of interest and magnified it onto a monochrome 8-bit CCD camera for digital image acquisition. The set of microscope and camera was mounted on a translation holder for axial scanning and moved away along the bench axis with spatial resolution of ± 1 micron. For every IOL and R,G,B light, the intensity of the LED source and the time integration of image acquisition were adjusted to obtain a linear response of the camera in the intensity range of the aerial images (from distance to near images) with no saturation of the camera sensor. Figure 2 shows the experimental TF-EE curves measured for the monofocal (a) and bifocal (b) IOLs with a pupil size of 3.5mm under R, G, and B LED lights. Power and energy efficiency peak values, and LCA are listed in Table 4 . A first explanation of these results can be found in a former work [12] . The monofocal IOL (Fig. 2(a) ) shows a single focus for distance vision and hence, only one efficiency peak under each R, G and B illumination. The RGB TF-EE curves of the monofocal IOL are very similar and close to each other, with the G peak centered at about 30 D, which is the nominal power for the design wavelength (550nm). The B and R peaks are separated away LCA = 0.46D (Table 4 ) and placed at either side of the G peak. The bifocal ZKB00( + 2.75D) IOL (Fig. 2(b) ) has hybrid refractive-diffractive design with p = 0.5 and hence, it shows two foci, for distance and near vision, that correspond to the 0 th and 1 st diffraction orders, respectively. With G illumination, the closest to the design wavelength, the TF-EE curve shows quite balanced energy distribution between distance and near foci, with peak EE values of 0.32 (distance) and 0.34 (near) that are slightly below the estimated theoretically diffraction efficiency (0.38 for distance and 0.44 for near) ( Table 4 ). The B and R curves of the bifocal show two peaks as well, but with opposite variations in EE as expected from the wavelength dependence of the diffraction efficiency (Eq. (5)). The LCA in the distance focus of the bifocal (0.58D) has the refractive contribution of the carrier lens (Eq. (11)) and, consequently, is very similar to the LCA obtained with the monofocal IOL (0.46D). The LCA in the near focus, however, is compensated in part by the contribution, with opposite sign, of the diffractive profile operating with the 1 st diffraction order (Eq. (12)). Again, the LCA predicted theoretically for the near focus (−0.27D) is very close to the experimental value ( 0.32 D − ). This interpretation, supported by the good agreement between the numerical estimations and the experimental results (Table 4) Figure 3 shows the experimental TF-EE curves measured for the Symfony lens for (a) 2.2 mm and (b) 3.5mm pupils under R, G, and B LED illumination. These curves differ quite significantly from those analyzed so far in this work. The B TF-EE curve has a single peak centered at about 31.5 D for both pupil sizes, being the peak obtained with the small 2.2mm aperture of larger full width at half maximum (FWHM) -about 50% larger-than the obtained with the 3.5mm aperture. The G TF-EE curve exhibits two separate peaks of different EE with 3.5mm pupil (Fig. 3(b) ). The lowest, centered at about 30D, would correspond to the distance focus whereas the highest, centered at a power slightly below 32D, would correspond to the intermediate focus. Peak asymmetry is markedly prominent in the R TF-EE curve with 3.5mm pupil, but in the opposite direction to that shown by the G TF-EE curve. With 2.2mm pupil, however, the R and G TF-EE curves exhibit a single asymmetric wide peak with FWHM 
Results
Discussion
The (1 st , 2 nd )DIOL design, as introduced in Section 2, is still a bifocal lens that may feature good properties in chromatic compensation and depth of focus extension when it uses low addition power. Other solutions for depth of focus extension have been proposed and described elsewhere (see, for instance, a review in Ref. 26) .
Let us interpret the results shown in Fig. 3 for the Symfony IOL in the light of an optical design based on a 1 st and 2 nd diffractive order profile, with the term "near" replaced by "intermediate" to account for the relatively low add value ( + 1.75 D). Table 5 contains the results of the calculations obtained using Eqs. (1)- (16) with λ 0 = 550nm, step height factors p = {1.5,1.336}, diffractive orders m = {1,2}, and phase delay fractions for the R, G, B lights approached by 0 / α λ λ ≈ (Table 3) with material dispersion neglected. The first row of Table  5 (14), it turns out interm 31.75D P = , which satisfies the nominal power for intermediate focus. For the illumination with the R, G, B LEDs some assumptions can be made concerning the carrier refractive lens. First, the refractive power for the G light can be reasonably approximated by the design refractive power (i.e. (13), (14) . The diffraction energy efficiency has been calculated using Eq. (5) for all wavelengths. The P Δ row contains the RGB power variations of the refractive carrier lens ( 0.52D r P Δ = + ) and the diffractive profile (
). They contribute to the LCA by compensating each other in the distance and the intermediate foci. As a result, LCA would be almost suppressed in the distance focus (LCA distance = −0.02D) and would keep low (LCA interm = −0.56D) in the intermediate focus.
When the step height factor is p = 1.5, it is worth mentioning the low efficiency of the 2 nd diffraction order for R light (0.16) and the very low 1 st diffraction order for B light (0.05), thus predicting a shortage of these color lights in either the intermediate or the distance focus to which they contribute. Conversely, the 1 st diffraction order with R light reaches high energy efficiency (0.71) and so does the 2 nd diffraction order with B light, reaching even a higher value (0.89), thus predicting the importance of these color lights in the specific focus to which they contribute.
The estimations contained in Table 5 must be compared with the values experimentally obtained using the Symfony lens with 2.2mm aperture (Fig. 3(a) ). According to the exemplary embodiment described in Ref. 17 and the outer diameters of the Symfony's echelettes (Table 2) , the 2.2mm aperture contains the two central echelettes, with p = 1.5 (OPD = 1.5λ 0 ) and diffractive orders m = {1,2}. At a glance, only the B TF-EE curve seems to agree with the estimations (Table 5 ), but the R and G TF-EE curves appear to differ significantly. However, if we analyze them in detail -as we are going to do-we will find that they are in very good agreement too. Certainly, due to the relative proximity of the distance and the intermediate foci -only 1.75D apart-and the effect of a small 2.2mm pupil, which involves inherent depth of focus extension, we may consider that both foci overlap on the optical axis and, as a result, the TF-EE curve becomes the envelope of the addition of the two distance and intermediate EE peaks. We illustrate this effect in Fig. 4, more Table 6 we compare these values with the theoretical predictions taken from Table 5 . The excellent agreement between theoretical estimations and experimental results for 2.2mm pupil (Table  6 ) confirms the validity of our analysis and interpretation of the RGB TF-EE curves of Fig.  3(a) . Moreover, they allow us to experimentally prove that the central zone of the Symfony lens (two central echelettes within 2.2mm pupil) performs as (1 st , 2 nd )DIOL with low + 1.75D add power.
We have repeated this exercise for the experimental RGB TF-EE curves obtained with a 3.5mm pupil (Fig. 3(b) ). In this case, the larger aperture of the pupil reduces the natural depth of focus, and hence, the peak mutual overlapping. The B TF-EE curve (Fig. 3(b) ) shows a single intermediate focus with a very low plateau at the expected position of the distance focus. The R and G TF-EE curves show two asymmetric foci, placed at the distance and intermediate focus positions. Gaussian decompositions, similar to those presented in Fig. 4 , have been calculated for the experimental RGB TF-EE measured with 3.5mm pupil although they are not plotted here for brevity. The corresponding center and maximum values appear in Table 6 to represent experimental power and energy efficiency values, respectively. To further interpret the energy efficiency values obtained with a pupil of 3.5mm (Fig.  3(b) ), we take into account that, according to the exemplary design described in Ref. 17 and the dimensions of the Symfony's echelettes (Table 2) , two more echelettes (the 3 rd and 4 th ones) are also included when using a 3.5mm pupil. We recall that the 4 th echelette lies in the peripheral region of the lens aperture, with p = 1.366 (OPD = 1.366λ 0 ). With 3.5mm pupil, the IOL was operating with 9.62 mm 2 aperture area, of which, 5.94mm 2 (61.7%) were corresponding to the first three echelettes, (with p = 1.5) and 1.95mm 2 (20.3%) to the peripheral region (4 th echelette, with p = 1.366). Table 5 contains the diffraction energy efficiencies of the 1 st and 2 nd diffraction orders calculated for the peripheral echelettes with p = 1.366, under the illumination of λ 0 , R, G, and B lights. The area covered by either the three central echelettes (61.7%) or the fourth echelette (20.3%) has been taken as weight to estimate the theoretical diffraction energy efficiencies of the RGB distance and intermediate foci, as well as the distance to intermediate efficiency ratio. The resulting theoretical estimations (Table 6 ) are in very good agreement with the corresponding experimental power and energy efficiencies computed from the Gaussian decomposition of the RGB TF-EE curves obtained with 3.5mm pupil. (Figs. 3, 4) ;
We were dubious about considering the contribution of the 5 th echelette because it was not fully covered by the 3.5mm pupil and could be also affected by the influence of small misalignments. We recalculated the RGB energy efficiencies of the distance and intermediate foci assuming the further contribution of the 5 th echelette, but we obtained an accumulated square error of 0.068 with respect to the experimental values. Because this square error is higher than 0.012 (Table 6 ), obtained when assuming the first four echelettes, we concluded that the contribution of the 5 th echelette could be discarded. Let us highlight the excellent and very consistent agreement between the experimental values and the theoretical estimations for the distance and intermediate power values with both pupils ( )DIOL such as ZKB00 ( + 2.75), however, with the same 3.5mm pupil (Table 4) , has an experimental distance/intermediate EE ratio of 2.04 for R light versus a ratio of 0.62 for B light, still far but in lesser amount from the balanced 1.0 ideal value for the design wavelength. This increase in both the R and B TF-EE asymmetry could have an impact on the color image quality that deserves further evaluation in future work.
Although the results analyzed in this work were obtained for 30 D IOLs (Table 1) , they are translatable to IOLs of different power (a 20-24 D range is common) and can be estimated using the equations provided in Sections 2.1 and 2.2.
Conclusions
The imaging properties of two hybrid refractive-diffractive IOLs with different diffractive designs have been analyzed within the common context of a refractive carrier combined with a diffractive lens that operates with two adjacent diffraction orders, either (0 We have reviewed the mathematics for the distance and intermediate/near powers, the energy efficiency, their variation for a wavelength other than λ 0 , and LCA in each focus. An example of a 1 st and 2 nd order hybrid refractive-diffractive IOL design has been found in the Tecnis Symfony ZXR00 IOL and this pattern matching has been reported here for the first time. We have proved the imaging properties of such IOL design by numerical simulation and also experimentally by measuring in-vitro the TF-EE curves of the Symfony IOL for R, G, and B illuminations. Analogous TF-EE measurements, obtained for the Tecnis monofocal ZA9003 and bifocal ZKB00 ( + 2.75D) counterparts, have allowed us to compare the optical imaging properties of power and energy efficiency of all three lenses, not only between them but also with respect to theoretical predictions. An excellent agreement was obtained in all cases, thus giving a sound support to the analysis carried out and the IOL models considered. The relative energy efficiency between the distance and the intermediate foci is modulated by changing the echelette step height in two regions of the Symfony lens aperture: a central region that directs the design wavelength to both foci with balanced energy, and a peripheral region that benefits the distance focus.
Some limitations must be mentioned though. The add power ( + 1.75D) can be insufficient in some instances. Higher add powers could be considered as well but at the price of sacrificing some of the current properties of the lens, for instance, part of the chromatic compensation. The energy efficiency of the lens for wavelengths other than λ 0 is markedly asymmetric. In particular, the energy efficiency for the blue light concentrates on the intermediate focus and is negligible in the distance focus. The opposite effect occurs with the red light: its energy efficiency in the intermediate focus is very low. These effects must be taken into consideration when assessing LCA compensation. Their impact on color image quality must be further investigated.
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